Introduction
Raman spectroscopy was proposed as a useful analytical technique to be applied for the planned exobiology missions on Mars (e.g. the ExoMars mission). It has been demonstrated that Raman laboratory spectrometers are able to unambiguously detect biomolecules of extremophiles associated with different terrestrial rocks [1] [2] [3] [4] [5] [6] , which are suggested as model terrestrial organisms representing a form of life that potentially might be present on Mars.
Carotenoids as well as a few other organic compounds have previously been identified as possible biomarkers using Raman spectroscopy [7] [8] [9] . These studies focused on establishing the detection limits of different molecules in artificially prepared evaporitic samples, simulating the environment where living extremophile organisms could be expected to be conserved (e.g. in subsurface sulfate layers on Mars). For this purpose, terrestrial rocks potentially containing biomarkers were powdered and analysed. The authors point out the necessity for a multipoint analysis when powdered samples are analysed, in order to address the problem of sample inhomogeneity and the uneven distribution of the organic compounds in the mineral matrix [10] . The general issue of Raman spectroscopic detection limits for biomarkers in powdered matrices has previously been discussed [11] .
Osmotic solutes, small organic molecules that are accumulated inside the cells of some halophilic microorganisms, in order to balance the extreme external osmotic pressure, are another example of suitable biomarkers easily detected by Raman spectroscopy [12, 13] .
Biomarkers are biomolecules that are uniquely produced by living organisms. They include lipids and pigments as well as their derivatives and degradation products [14, 15] . Edwards et al. [10, 16] suggested focusing on molecules such as carotenoids, scytonemin, phycocyanin, chlorophylls, trehalose and oxalic acid. Other organic molecules such as amino acids, carboxylic acids, sugars and polyaromatic hydrocarbons have been considered as biomarkers by other authors [17] ; however, they are known to be produced through abiotic natural processes as well. Nevertheless, the detection of any conserved organic matter, irrespective of its origin, in the Martian subsurface would be a major discovery.
(a) Applications of miniaturized Raman equipment
For any potential use of Raman spectroscopy on Mars, or on other bodies in the Solar system as a part of extra-terrestrial missions, an important technical step (complying with the many technical constraints including advanced miniaturization) is needed. Before leaving for Mars or other planets with a well-adapted miniaturized Raman instrument there is the need for the prior testing of small mobile instruments.
The increasing availability of commercially developed portable and handheld Raman spectrometers that have been designed for various forensic, safety or pharmaceutical applications is one of the driving forces in the miniaturization, diversity, as well as price reductions of Raman instruments. These instruments that feature excitation sources of the most often used wavelengths (such as 1064, 785 and 532 nm) have previously proved to be quite useful in the fields of geology and astrobiology; the geological applications tested have included analyses of rockforming [18, 19] and organic [20] minerals, as well as carbonaceous material from an Ordovician stromatolite [21] . Biomarker detection in Alpine winter conditions [22] [23] [24] studies involving handheld instrumentation with astrobiological applications for the icy worlds of Europa and Titan. All the studies listed above used an excitation wavelength of 785 nm.
Other studies have shown that small portable or handheld instruments could also be used for extremophile research, specifically for the detection of pigments within different extremophiles; for example, a miniaturized system with a 1064 nm excitation wavelength was used to detect the biosignatures of lichen species and endolithic colonies in halite from the Atacama Desert [25] . The system enabled the identification of scytonemin and carotenoids that are associated with endolithic cyanobacteria. Another comparative study showed that miniaturized portable Raman spectrometers, with 785 and 532 nm excitation wavelengths, provided reliable identifications of scytonemin, and β-carotene, respectively, in halite crusts samples from the same sites [26] . The authors also demonstrated differences in biomarker detection (spectral quality was worse for powdered samples) between direct measurements on native rocks versus on powdered samples. A recently developed handheld instrument, with a 532 nm excitation wavelength, was used for the in situ analysis of carotenoids of halophiles in a layered gypsum crust from the Eilat salterns, Israel. Strong signals of the conjugated chain permitted the ability to discriminate several carotenoids [27] .
Several studies have been published using prototype Raman systems, which were specifically developed for planetary exploration missions; a prototype Raman spectroscopic sensor (probe head) for the task of mineral characterization in future rover missions was developed and tested [28] . Other studies involved miniaturized custom-built prototypes that featured uncommon excitation wavelengths. The results obtained from a miniaturized Raman system with an 852 nm excitation demonstrated the successful detection of biomolecules associated with the yellow coloured Antarctic lichen, Acarospora chlorophana [29] . The same instrument with 852 nm excitation was used to detect traces of pigments from endoliths, lichens and cyanobacterial mats from the Antarctic desert; the results having been critically compared to the much better spectra obtained using 1064 nm FT-Raman data [30] . The ExoMars spectrometer was used for the identification of key biomolecular and geological Raman spectroscopic signatures in the synthetic samples; wherein, it was found that the scientific results of the prototype were similar to a high-end commercial instrument [31] .
(b) Studies of the gypsum crust
The gypsum crust on the bottom of the Eilat saltern evaporation ponds have served as a model system for many studies. The microbes inhabiting these environments have been described in depth as well as their survival strategies under stress [32] [33] [34] [35] . The bottom gypsum crust harbours a diverse stratified community of cyanobacteria, purple bacteria and different types of heterotrophic microorganisms, which has served as a model system for a wide variety of studies [36] [37] [38] [39] . For the first time, Raman spectroscopy had been used in the study of this community and in describing the content of organic osmotic solutes, to complement other methods, e.g. 1 H and 13 C nuclear magnetic resonance as well as HPLC [40] . The use of Raman spectroscopy was reviewed [41] in a study of halophiles, including the study of microbial pigments from the gypsum crust. Light, compact Raman handheld devices were used for the first time for the identification of pigments in natural microbial communities of a benthic gypsum crust [27] .
The aim of this study is to assess the prototype Raman instrument that is being constructed for deployment during the ExoMars mission of the European Space Agency (ESA), which is expected to be launched in 2018. The assessment of the instrument will involve pigment analysis of the community of extremophile halophilic organisms inhabiting the Eilat gypsum crust, using the ESA prototype instrument together with two commercial instruments-one portable (Delta Nu Advantage), and the other a laboratory-based instrument (Renishaw). Studies such as this not only serve as an important source of data for the science community but also serve to provide a better understanding and improved performance of the prototype instrument that is under development. 
Samples and methods (a) Samples
A well-developed gypsum crust, with brightly coloured layers of microorganisms, was found in a commercial saltern in Eilat, Israel, which has salt concentration levels between 190 and 240 g.l −1 ( figure 1 ). This community of halophilic cyanobacteria and bacteria was characterized in detail from a microbiological point-of-view [32] . The upper 0.5-2 cm of the crust is densely populated by orange-brown unicellular Halothece-type cyanobacteria. Below, a layer of greencoloured Phormidium-type filamentous cyanobacteria is found, with occasional representatives resembling Halospirulina spp. [42] . The brown and the green layers are sometimes separated by a 2-8 mm thick white zone that appears to be devoid of phototrophs. Underneath the green layer, a bright purple layer of anoxygenic phototrophs is present, below which a reduced black layer is found; a thin, olive-green layer is sometimes present at the bottom of the phototrophic community or inside the purple anoxygenic layer, but this layer was not encountered in any of the samples investigated in this study [32, 36] .
(b) Raman instrumentation (i) Portable instrument
The Advantage 532 (Delta Nu) is a transportable Raman spectrometer, with dimensions of 30 × 20 × 10 cm (LWH) and a weight of 9 kg. The performance and design of this instrument is intermediate between true portable or handheld instruments and full-fledged laboratory Raman instruments. It is equipped with a 532 nm frequency doubled Nd:YAG laser, with maximum laser power of 100 mW. The thermoelectrically cooled CCD detector operates within the 200-3400 cm −1 wavenumber range, with a spectral resolution of 10 cm −1 (compared to the planned ExoMars Raman instrument's 6-8 cm −1 ). The Raman spectra of three distinct pigment coloured layers from the gypsum crust (figure 1) were acquired. Initially, the data were collected with one accumulation over 5 s intervals using different laser power settings. The best results were obtained when using 30 accumulations of 5 s, and adjusting the laser power for each layer to minimize the effects of fluorescence; medium-high laser power was used for the purple layer, medium for the orange and medium-low for the green layer (laser power at the sample was not measured). Two distinct spots were analysed within each layer, and the analyses was undertaken on four samples collected at the same locality. The internal baseline correction procedure of the instrument's software was 1500 1400 1300 1200 1100 1000 900 1500 1400 1300 1200 1100 1000 900 1500 1400 1300 1200 1100 1000 900 Raman intensity (arb. units)
Figure 2. Raman spectra taken at different layers of the gypsum crust (i) orange, (ii) green, (iii) red by the three instruments Delta Nu Advantage (a), ESA prototype (b) and Renishaw (c).
used (settings 140), resulting in the spectra shown in the corresponding figure. No additional spectral manipulation was performed.
(
ii) Raman laser spectrometer for ExoMars
The UK Bread-Board (BB) Raman spectrometer system was developed in order to characterize and optimize the performance of the ExoMars Raman Laser Spectrometer (RLS) detector assembly. The ESA prototype system consists of a continuous wave diode laser, with a power output of 100 mW at 532 nm (and a spectral line width of less than 0.5 nm), a detector system incorporating a thermoelectrically cooled CCD and drive/acquisition electronics (FPGA based), and a transmission grating with two spectral orders. In combination, the spectrometer units provide sensitivity across the 200-3500 cm −1 wavenumber range, with a spectral resolution of less than 10 cm −1 . The data were collected using a range of different integration times, depending on the specific band intensities, as well as the background levels observed in the spectra collected from each layer. Optimal results were typically obtained using integration times in the range 10-60 s, with the laser power being adjusted using internal filters. Laser power at the sample was not measured. Multiple acquisitions were combined in order to produce final spectra of sufficient quality (figure 2b); additionally, a variety of measurement points were investigated in each layer in order to investigate the variance and the repeatability of the results.
(iii) Renishaw Raman
For purposes of comparison, micro-Raman analyses of samples of wet materials taken from layers of the gypsum crust were performed on a multichannel Renishaw In Via Reflex spectrometer (Renishaw plc, Wotton-under-Edge, UK) coupled with a CCD detector (Peltier cooled). Excitation was provided by the 514.5 nm Ar laser. To achieve enhanced signal-to-noise (S/N) ratios, 10 scans were accumulated, each of 10 s exposure time, with laser power at 5% (less than 2 mW to avoid thermal damage). The spectra were recorded at a spectral resolution of 2 cm −1 between 800 and 1800 cm −1 .
Spectral manipulation was performed using GRAMS/AI 8.0 spectroscopy software. The reported spectra have been subjected to the baseline correction procedure. The peak fitting procedure (figure 3d) parameters were the following: function is mixed G + L, sensitivity is medium, number of peaks = 2. 
Results and discussion
When analysed by both the ESA prototype and the Delta Nu Advantage instruments, the carotenoid pigments were detected in the gypsum crust samples by the presence of specific Raman bands at around 1515, 1155 and 1000 cm −1 (for the general appearance of the spectra, see figure 2 ). These Raman bands are attributed to in-phase ν 1 (C=C) and ν 2 (C−C) stretching vibrations of the carotenoid polyene chain; with the weak band at around 1000 cm −1 corresponding to the in-plane rocking modes δ(C=CH) of the CH 3 groups [43] . This observation reflects the sensitivity of the individual excitation sources towards these pigments, with the 532 nm wavelength coincident with carotenoid absorption, resulting in a resonance Raman effect, leading to enhancement of carotenoid Raman signal [44, 45] .
However, since the structurally similar carotenoid compounds often produce similar Raman spectra, which generally differ only in small Raman shifts of key bands, the identification and confirmation of the specific carotenoid is quite difficult. The situation is further complicated by the fact that natural samples typically contain a more-or-less complex mixture of carotenoids. Other analytical methods, such as chromatography, allow for the separation of individual pigments in the mixture and are favourable to use in conjunction with Raman spectroscopy to produce more robust results. Table 1 presents the positions of the characteristic carotenoid bands (electronic supplementary material, S1a means sample 1 analysis 1, etc.) for each area that was analysed within one layer or between different samples. The difference in the positions of these bands can be attributed to the fact that there is usually a mixture of pigments in each layer, and that the layer boundaries are continuous. Additionally, the position of the δ(C−CH 3 ) band at 1001-1013 cm −1 is very close to the position of the ν 1 (SO 4 ) band from the gypsum host rock at 1008 cm −1 ; therefore, at least in some cases, the Raman signal of the band near 1000 cm −1 is in part due to the presence of gypsum. An indicator may be the intensity of the δ(C−CH 3 ) band, which should be significantly lower Table 1 . Raman bands of carotenoid pigments as recorded by the different instruments from the three layers; G denotes a band probably due to gypsum. orange layer green layer red/purple layer than that of the other two carotenoid bands. The positions of these same characteristic carotenoid bands were used for comparison of the Raman spectra collected from other instruments and references (for details, see figure 3 ). The bands detected (reported in the following order: ν 1 (C=C), ν 2 (C−C) and δ(C−CH 3 ); for all of the analyses) in the spectrum of the upper orange layer, using the ESA prototype, were as follows: 1510, 1156 and 1013 cm −1 . The portable Delta Nu Advantage instrument detected bands at 1514, 1154 and 1007 cm −1 , which is in good agreement with values of 1513, 1153 and 1005 cm −1 reported by Jehlička & Oren [27] . The positions of the first two bands in the Raman spectra collected from the ESA prototype instrument are in good agreement with the other instrument data; however, on comparison, the position of the δ(C−CH 3 ) band is shifted by 6 cm −1 (figure 3b). For reference purposes, the sample from the orange layer was analysed by the 514 nm laboratory instrument, and the positions of the bands were observed at 1512, 1154 and 1007 cm −1 . The excitation wavelength of 514 nm was the closest available laser that enables the use of the resonance Raman effect. According to our previous and current data, the difference in the band positions is not significant in the data taken at the 532 and 514 nm excitation wavelengths. Oren et al. [32] reported that the major pigments present in the orange layer, derived from the oxygenic phototrophs, were myxoxanthophyll, echinenone and β-carotene. The pigments are occurring at roughly the same concentration [32] , and the resulting spectra are consistent with this fact.
The green layer is of special interest because the majority of the pigment content consists of chlorophyll-a. In contrast to the carotenoid pigments, the chlorophylls do not cause the resonance effect when 514, 532 or 785 nm excitation wavelengths are used; therefore, no signal from chlorophyll-a was observed in the spectra. The same carotenoid pigments are produced as in the orange layer (myxoxanthophyll, echinenone and β-carotene; again, in approximately the same ratios) [32] . Therefore, the Raman spectra should be quite similar, and indeed the Raman bands from the ESA prototype are 1513, 1157 and 1009 cm −1 . Spectra recorded by the Delta Nu Advantage instrument show bands at 1515, 1154 and 1004 cm −1 (mode values). The relative wavenumber differences between the corresponding bands from the orange and green layers are very small for the ν 1 and ν 2 bands (less than 1 cm −1 , Delta Nu Advantage instrument; or 1-3 cm −1 , ESA prototype instrument). The δ(C−CH 3 ) band is shifted from 1007 (orange) to 1004 cm −1 (green) for spectra collected with the Delta Nu Advantage instrument, and from 1013 to 1009 cm −1 for the ESA prototype instrument. A peak fitting procedure was performed on the band near 1000 cm −1 in the spectra collected with the ESA prototype instrument in order to distinguish the Raman band due to the pigment from the band due to gypsum (figure 3d); the obtained values of 1009 and 1012 cm −1 were attributed to the δ(C−CH 3 ) carotenoid vibration and ν 1 (SO 4 ) sulfate vibration, respectively. Again, the band position of this band is upshifted by 5-6 cm −1 in the spectrum collected by the ESA prototype. The position of the bands in the spectra collected from a handheld instrument with a 532 nm excitation line, as reported by Jehlička & Oren [27] , were 1509, 1150 and 1003 cm −1 , which is a 5 cm −1 shift to lower frequencies for the ν 1 and ν 2 bands. On the other hand, the spectra collected with the laboratory-based instrument show bands present at 1516, 1154 and 1004 cm −1 , which is in excellent agreement with the data from the Delta Nu Advantage instrument.
The red (or purple-the colour perception is subjective) layer is colonized by purple sulfur bacteria, microorganisms with a completely different metabolism. The dominant pigments in this layer are bacteriochlorophyll-a, and spirilloxanthin. Of the two pigments, only the spirilloxanthin is resonance enhanced (by wavelengths of 514 or 532 nm), due to the long conjugated chain; therefore, the Raman bands should mostly correspond to the spirilloxanthin. The Raman spectra collected from the ESA prototype instrument ( figure 2b(iii) ) show the presence of bands for the purple pigment layer at 1511, 1154 and 1007 cm −1 . The band at 1007 cm −1 is a shoulder on the band located at 1013 cm −1 that could be attributed to ν 1 (SO 4 ) sulfate vibration. The bands detected by the Delta Nu Advantage instrument within the purple layer are 1508, 1151 and 1001 cm −1 ; and 1507, 1151 and 1002 cm −1 in the spectra collected by the laboratory instrument. Spectra of the pure pigment spirilloxanthin (with band positions at 1511, 1152 and 1002 cm −1 measured using the Renishaw instrument), and the handheld Raman spectra with band positions at 1510, 1151 and 1004 cm −1 were reported by Jehlička & Oren [27] . The differences (figure 3) in the position of the Raman bands of the orange/green and purple pigment are significant for the Delta Nu Advantage instrument spectra (6-7 cm −1 for the ν 1 (C=C) band, and 3 cm −1 for the ν 2 (C−C) band). However, the values from the ESA prototype instrument do not follow this pattern: the bands, due to the ν 1 (C=C) vibration, are located at 1510 cm −1 (orange layer), 1513 cm −1 (green layer) and 1511 cm −1 (red layer) in the spectra collected by the ESA prototype instrument.
The position of the Raman bands, collected from the various layers of the gypsum crust for all instruments, is listed in table 1. While the positions of the ν(C=C) and ν(C−C) bands vary by ±3 cm −1 , they are still in good agreement. The δ(C−CH 3 ) band is upshifted by 5-6 cm −1 in the spectra collected from the ESA prototype instrument (compared to the band positions from the Delta Nu Advantage instrument). Furthermore, in spectra taken from all three different layers, the strongest Raman band is located at 1012 or 1013 cm −1 , with shoulders located at 1009 and 1007 cm −1 for the green and red layers, respectively. The band located at 1012 cm −1 could be attributed to the mineral gypsum, and the shoulders to the δ(C−CH 3 ) band of the carotenoid pigments; both bands show the upshift of 5-6 cm −1 from the band positions from the spectra collected by the Delta Nu Advantage instrument. Also, the shape of the bands and their relative intensity (the band at around 1000 cm −1 should have the lowest intensity of the three bands) suggest that the signal comes from the gypsum mineral, and the carotenoid signal is only manifested as a shoulder that is sometimes present. The explanation for this significant and uniform shift could rest in the calibration process of the ESA prototype instrument.
The S/N ratio was computed for the ν 1 (C=C) band in the spectrum collected from the orange layer using both the ESA prototype and the Delta Nu Advantage instrument spectra, because they used similar experimental settings such as excitation wavelength, laser power, number of accumulations and acquisition times. For the ESA prototype spectra, the root mean square (RMS) value in the 1550-1600 cm −1 region (where the Raman spectrum consisted only of noise) was 34.3, and the S/N ratio for the ν 1 (C=C) band was calculated as 55.6. The Delta Nu Advantage instrument's values were 24.9 for RMS and 178.2 for the S/N ratio. The full width at half maximum values for the ν 1 (C=C) band were 20.5 cm −1 for the prototype, and 24.1 cm −1 for the Advantage instrument. The S/N ratio of the ESA prototype instrument was more than three times the S/N ratio of the Delta Nu instrument; however, for the samples where carotenoid pigments exhibit a resonance effect, the Raman signal is so strong that this level of noise is still acceptable. 
Conclusion
The ESA prototype instrument was capable of collecting good-quality spectra of carotenoid pigments from halophilic phototrophic communities that were embedded within a gypsum crust. The data were consistent with that collected by a portable Raman instrument (Delta Nu Advantage), as well as the reference bench-top Raman system using a similar wavelength that allows for the resonance effect. Some differences between positions of the bands can probably be attributed to the complicated process of calibration of the raw data from the ESA prototype instrument. The ESA prototype was unable to distinguish among the pigments, while the other instruments were able to detect differences, to some degree. The measurements and analyses of terrestrial extremophile samples by this instrument provides invaluable scientific as well as technical information, as the handling and the process of obtaining the data from the instrument is not very straightforward compared to the commercially available portable instruments. In the near future, it will be necessary to analyse a wider variety of extremophile organisms that contain carotenoid pigments (resonance with the wavelength used) to account for the wide range of scenarios that may be encountered under real Martian conditions; including samples collected from a gypsum crust, which may be present in the Martian subsurface.
